Abstract: An active target is being developed to be used in low-energy nuclear astrophysics experiments. It is a position-and time-sensitive detector system based on the low-pressure Multi Wire Proportional Chamber (MWPC) technique. Methylal ((OCH 3 ) 2 CH 2 ), at a pressure of a few Torr, serves as the working gas for MWPC operation, and in addition, the oxygen atoms of the methylal molecules serve as an experimental target. The main advantage of this new target detector system is that it has high sensitivity to the low-energy, highly-ionizing particles produced after photodisintegration of 16 O and insensitivity to γ-rays and minimum ionizing particles. This allows users to detect only the products of the nuclear reaction of interest. The threshold energies for detection of α particles and 12 C nuclei are about 50 keV and 100 keV, respectively. The main disadvantage of this detector is the small target thickness, which is around a few tens of µg/cm 2 . However, reasonable luminosity can be achieved by using a multimodule detector system and an intense, Laser Compton Backscattered (LCB) γ-ray beam. This paper summarizes the architecture of the active target and reports test results of the prototype detector. The tests investigated the timing and position resolutions of 30 × 30 mm 2 low-pressure MWPC units using an α-particle source. The possibility of measuring the 16 O(γ, α) 12 C cross-section in the 8-10 MeV energy region by using a LCB γ-ray beam is also discussed. A measurement of the 16 O(γ, α) 12 C cross-section will enable the reaction rate of 12 C(α, γ) 16 O to be determined with significantly improved precision compared to previous experiments.
Introduction
Thermonuclear burning in stars is responsible for the synthesis of most chemical elements heavier than helium in the universe. The 4 He(αα, γ) 12 C and 12 C(α, γ) 16 O reactions are two of the most important fusion processes in astrophysics [1] . These reactions essentially govern the helium burning phase, and their rates determine the ratio of 12 C: 16 O (C/O) in the "ashes" of the helium burning process. Consequently, these reactions strongly influence the subsequent nucleosynthesis processes for massive stars and their final nucleosynthesis yields [2] . Stellar evolution models in which nuclear reaction networks are implemented in detail do not yield consistent results yet, and the 12 C(α, γ) 16 O cross-section is one of the most important nuclear physics uncertainties still to be resolved.
There are currently two experimental approaches under consideration for measurement of the inverse 16 O(γ, α) 12 C reaction, which is more accessible than the direct 12 C(α, γ) 16 O reaction. One is based on the bubble chamber technique and a bremsstrahlung photon beam [3] ; the other employs an Optical Time Projection Chamber (O-TPC) [4] and a Laser Compton Backscattered (LCB) γ-ray beam [5] [6] [7] .
The reciprocity theorem of nuclear reactions relates the cross-sections of forward-and time-reversed nuclear processes. It relates the cross-section of an (α, γ) process to that of the time-reversed (γ, α) reaction:
where σ A (α, γ), σ B (γ, α) are the cross-sections of the direct 12 C(α, γ) 16 O and inverse 16 O(γ, α) 12 C reactions, l A and l B are the channel wavelengths for capture and photodisintegration, and ω A and ω B are the respective spin factors. In the energy region discussed here, i.e., Eγ = 8.0-8.5 MeV, the transformation factor provides a gain of~50 in cross-section. Thus, at an equivalent center of mass energy of~0.9 MeV, the direct (α, γ) cross-section is~60 pb, while the inverse (γ, α) cross-section at 8 MeV is 3 nb. The photodisintegration of 16 O at 8.0 MeV produces 4 He and 12 C with energies 675 and 225 keV, respectively, flying back-to-back, which aids the positive identification of this channel. We present a new active target for measuring the cross-section of the 16 O(γ, α) 12 C reaction, using an LCB γ-ray beam of energy E γ = 8-10 MeV. It is a position-and time-sensitive detector system based on low-pressure Multi Wire Proportional Chamber (MWPC) technology. This enables the trajectories and velocities of 4 He and 12 C fragments of a few hundred keV energy to be determined. The experimental method is described in Section 2, while Section 3 summarizes the experimental setup and the results of test measurements of timing and position resolution using α-particles from a 239 Pu source.
Methods
The new method is based on two technologies: (1) an active target based on low-pressure MWPC, and (2) a gamma-ray beam from backscattering of laser photons from several hundred MeV electrons [3] . The latter produces an intense monochromatic gamma-ray beam with small angular divergence (<2 × 10 −4 rad) [4, 5] . Methylal ((OCH 3 ) 2 CH 2 ) and hexane (C 6 H 14 ), at a pressure of a few Torr, serve as the filling gases for operation of the MWPC. Operation with hexane is intended for evaluation of the background from carbon nuclei in methylal. The proposed active-target system employs a gas pressure of 3-9 Torr to detect low-energy nuclear fragments and determine their trajectories and velocities. The low pressure renders it very insensitive to minimum ionizing particles and γ-rays, but the disadvantage of this is low luminosity due to the small density of target atoms. Laser backscattering delivers a highly-directed, pencil-like photon beam so that this drawback can be mitigated by using a multimodular active-target system with sufficient total length to provide the necessary luminosity for the experiment. For example, at ELI-NP, the angular divergence of the LCB γ-ray beam is expected to be less than 0.2 × 10 −4 rad, which means that over a 10 m distance the transverse size of the beam will increase by only 2 mm. Therefore, the active-target system could, in principle, consist of a stack of some hundreds of modules with a total length equal to 10 m.
A schematic drawing of the prototype, active-target module is shown in Figure 1 . It consists of four low-pressure chamber units (1, 2, 3 and 4), which form two symmetric arms. The MWPC units are windowless in order to present the minimum amount of material to the incident, low-energy nuclear fragments. The geometrical acceptance of the active target depends on the L1, L2 and L3 dimensions, where the optimal sizes will be determined in future Monte Carlo and experimental studies. In the present study, we used prototype MWPC units with an active area of 30 × 30 mm 2 .
Particles 2018, 2, x FOR PEER REVIEW 3 of 11 dimensions, where the optimal sizes will be determined in future Monte Carlo and experimental studies. In the present study, we used prototype MWPC units with an active area of 30 × 30 mm 2 . The positive signals induced on the cathodes are used for the position (x, y) readout, one coordinate from each plane. The two outer wire planes function as guards against electrons produced by ionization taking place outside of the chamber region and as additional electrodes to provide double-step amplification. All planes employ a wire spacing of 1 mm. The anode plane is composed of 20 μm diameter gold-plated tungsten wire, while the cathode and guard planes are composed of 40 μm diameter copper-beryllium wires. The cathode wires are connected-in groups of three-to tapped delay lines that provide 2 ns/tap and a maximum delay time of 20 ns, equivalent to 3 cm distance. In our test studies, we used the time difference between the anode pulse and the induced cathode pulse after propagation to the end of a delay line. Two position-sensitive MWPC units dimensions, where the optimal sizes will be determined in future Monte Carlo and experimental studies. In the present study, we used prototype MWPC units with an active area of 30 × 30 mm 2 . The positive signals induced on the cathodes are used for the position (x, y) readout, one coordinate from each plane. The two outer wire planes function as guards against electrons produced by ionization taking place outside of the chamber region and as additional electrodes to provide double-step amplification. All planes employ a wire spacing of 1 mm. The anode plane is composed of 20 μm diameter gold-plated tungsten wire, while the cathode and guard planes are composed of 40 μm diameter copper-beryllium wires. The cathode wires are connected-in groups of three-to tapped delay lines that provide 2 ns/tap and a maximum delay time of 20 ns, equivalent to 3 cm distance. In our test studies, we used the time difference between the anode pulse and the induced cathode pulse after propagation to the end of a delay line. Two position-sensitive MWPC units The positive signals induced on the cathodes are used for the position (x, y) readout, one coordinate from each plane. The two outer wire planes function as guards against electrons produced by ionization taking place outside of the chamber region and as additional electrodes to provide double-step amplification. All planes employ a wire spacing of 1 mm. The anode plane is composed of 20 µm diameter gold-plated tungsten wire, while the cathode and guard planes are composed of 40 µm diameter copper-beryllium wires. The cathode wires are connected-in groups of three-to tapped delay lines that provide 2 ns/tap and a maximum delay time of 20 ns, equivalent to 3 cm distance. In our test studies, we used the time difference between the anode pulse and the induced cathode pulse after propagation to the end of a delay line. Two position-sensitive MWPC units (Figure 1) , separated by 5.5 cm, are situated on each side of the beam, but the final separation will be optimized in future detailed Monte Carlo simulations. The MWPCs provide position and time information so that trajectories and velocities of incident particles can be determined to enable separation of low-energy 16 O(γ, α) 12 C photodisintegration from background reactions. The background is mainly due to production of electron-positron pairs and due to photodisintegration of 16 O and 12 C nuclei initiated by the high-energy bremsstrahlung photons of the γ-ray beam. In Figure 1 , alpha particles are detected by MWPC units 1 and 2, while 12 C nuclei are detected by units 3 and 4.
The MWPCs are mounted in a chamber (see Figure 1 ), which has windows for beam entrance and exit. Connectors attached to the walls of the vacuum chamber provide access to electronics outside the target chamber. The fast, ultralow noise amplifiers of the nanosecond signals from the anode and cathode planes were developed at the Alikhanyan National Science Laboratory [8] and are mounted outside the chamber. The chamber is equipped with valves for gas handling and two pressure gauges, and the gas inlet is connected to a reservoir of liquid methylal ((OCH 3 ) 2 CH 2 ) or hexane (C 6 H 14 ) [9] [10] [11] via a reducing valve. After evacuation to a pressure of 10 −3 Torr, it was filled with a 2-9 Torr of methylal (hexane). The methylal (hexane) gas serves as an ionization medium for MWPC operation, and in addition, the oxygen atoms of the methylal molecules serve as the 16 O target. The number of oxygen atoms in the target is given by Using a multimodule active-target system consisting of some hundreds of modules, the number of oxygen atoms can be increased by over two orders of magnitude. This is presented schematically in Figure 3 . Assuming that the number of oxygen atoms seen by the beam is 3 × 10 20 atoms/cm 2 , the detection efficiency for the 16 O(γ,α) 12 C reaction (geometrical acceptance included) is 30%, the γ-ray intensity is 5 × 10 9 photons/s [7] , and the cross-section of the 16 O(γ, α) 12 C reaction is 3 nb, then the 16 O(γ, α) 12 C reaction rate is equal to 3 × 10 20 × 5 × 10 9 × 0.3 × 3 × 10 −33 = 0.00135 event/s. The MWPCs are mounted in a chamber (see Figure 1 ), which has windows for beam entrance and exit. Connectors attached to the walls of the vacuum chamber provide access to electronics outside the target chamber. The fast, ultralow noise amplifiers of the nanosecond signals from the anode and cathode planes were developed at the Alikhanyan National Science Laboratory [8] and are mounted outside the chamber. The chamber is equipped with valves for gas handling and two pressure gauges, and the gas inlet is connected to a reservoir of liquid methylal ((OCH3)2CH2) or hexane (C6H14) [9] [10] [11] via a reducing valve. After evacuation to a pressure of 10 −3 Torr, it was filled with a 2-9 Torr of methylal (hexane). The methylal (hexane) gas serves as an ionization medium for MWPC operation, and in addition, the oxygen atoms of the methylal molecules serve as the 16 O target. The number of oxygen atoms in the target is given by Using a multimodule active-target system consisting of some hundreds of modules, the number of oxygen atoms can be increased by over two orders of magnitude. This is presented schematically in Figure 3 . Assuming that the number of oxygen atoms seen by the beam is 3 × 10 20 atoms/cm 2 , the detection efficiency for the 16 O(γ,α) 12 C reaction (geometrical acceptance included) is 30%, the γ-ray intensity is 5 × 10 9 photons/s [7] , and the cross-section of the 16 O(γ, α) 12 
Results
Timing information is an important consideration when using the active target. Firstly, the real coincidence between modules and beam bunches must be separable event-by-event. At ELI-NP, the separation between photonbeam bunches is 16 ns, so that a timing resolution of ~1 ns is necessary for separating the events from different bunches. Secondly, the time-of-flight between the low-pressure MWPC units can be used to determine the velocities of the produced alpha particles and 12 C nuclei, thus providing an additional criterion to separate real 16 O(γ, α) 12 C events from the background. Good position resolution is needed to identify back-to-back fragments and to separate these from the huge 
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The time resolution of a MWPC unit-in terms of the width of the time-difference distribution between the anodes of MWPC1 and MWPC2-is displayed as a function of methylal pressure in Figure 11 . It shows that the best time resolution can be achieved at a pressure lying in the range of 2-3 Torr.
To be detected, low-energy decay particles require enough energy to pass through the module, i.e., they are required to have a range of at least 5.5 cm to generate signals in both MWPC units. In Figure 12 , the electronic stopping powers (ionization energy losses) for He and C ions in methylal, simulated by means of the SRIM [12] software package, are displayed. The corresponding ranges of He and C ions in methylal, derived from the SRIM stopping powers, are presented in Figure 13 . From Figures 12 and 13 , it can be seen that an active-target detector system (Figure 3 ) filled to 3 torr methalyl is capable of detecting alpha particles with energies above 50 keV and 12 C nuclei with energies higher than 100 keV. This is crucial for the detailed study of the photodisintegration of 16 Figure 7 but with a 24 μm polyethylene absorber inserted. Filling gas is hexane and pressure is 2.4 Torr.
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Given that huge numbers of electron-positron pairs will be produced, the sensitivity of the lowpressure MWPC to minimum ionizing particles was measured by replacing the Pu-239 α-particle source with a β-particle source (Sr-90). The rejection factor for a single MWPC unit, i.e., the ratio of β-particle to α-particle detection efficiencies is about 10 −4 . Since the 16 O photodisintegration event will be detected in four (1, 2, 3 and 4) MWPC units, the overall β-particle to α-particle detection efficiency will reduce to 10 −16 . However, this rejection factor will be checked in dedicated experimental studies.
The energy resolution of α-particles and 12 C nuclei depends on the L1, L2 and L3 dimensions (see Figure 1) and is expected to be in the range of 10-20%. The time resolution for α-particles with energies lying in the range 0.1-5.0 MeV will be ~0.45 ns and a flight time of ~10 ns. This will result in better than 10% energy resolution. In comparison, the bubble chamber experiment of Reference [3] The windowless MWPC units will be located as close as possible to the incident beams to maximize the geometrical acceptance and to minimize energy losses in the gas environment. It is expected that many background particles, e.g., due to electromagnetic processes, will be produced even though the sensitivity to electrons and photons is very low. Therefore, the rate capability of the MWPC units is a crucial factor. Typical signals from the anode plane of MWPC1 placed next to the 239 Pu source without any collimator are displayed over a time scale of around 12 µs in Figure 14 . From this, we infer that the MWPC has the capability to operate at rates of up to a few MHz. provides no kinematic information, while the O-TPC experiment of Reference [4] provides only energy information but with a resolution several times better than the present proposed technique. However, in the present case, both angle and energy information will be recorded. Selection of backto-back 16 O(γ, α) 12 C reaction products will be used to reject background photodisintegration events from 12 C and 16 O nuclei, initiated by high-energy bremsstrahlung photons. This selection will also suppress any residual pair-production events. The separation of signal from background will be studied in realistic experimental conditions in future test experiments.
Figure 14.
Typical signals from the anode plane of MWPC1 displayed on a 500 MHz oscilloscope. The α-particle source is 239 Pu, with no collimation applied. MWPC conditions are hexane 2.85 Torr, +300 V on the anode, 0 V on the cathodes, and −300 V on the guard planes.
Discussion
A new oxygen active target is being developed for measuring 16 Given that huge numbers of electron-positron pairs will be produced, the sensitivity of the low-pressure MWPC to minimum ionizing particles was measured by replacing the Pu-239 α-particle source with a β-particle source (Sr-90). The rejection factor for a single MWPC unit, i.e., the ratio of β-particle to α-particle detection efficiencies is about 10 −4 . Since the 16 O photodisintegration event will be detected in four (1, 2, 3 and 4) MWPC units, the overall β-particle to α-particle detection efficiency will reduce to 10 −16 . However, this rejection factor will be checked in dedicated experimental studies.
The energy resolution of α-particles and 12 C nuclei depends on the L1, L2 and L3 dimensions (see Figure 1) and is expected to be in the range of 10-20%. The time resolution for α-particles with energies lying in the range 0.1-5.0 MeV will be~0.45 ns and a flight time of~10 ns. This will result in better than 10% energy resolution. In comparison, the bubble chamber experiment of Reference [3] provides no kinematic information, while the O-TPC experiment of Reference [4] provides only energy information but with a resolution several times better than the present proposed technique. However, in the present case, both angle and energy information will be recorded. Selection of back-to-back 16 O(γ, α) 12 C reaction products will be used to reject background photodisintegration events from 12 C and 16 O nuclei, initiated by high-energy bremsstrahlung photons. This selection will also suppress any residual pair-production events. The separation of signal from background will be studied in realistic experimental conditions in future test experiments.
A new oxygen active target is being developed for measuring 16 O(γ, α) 12 C reaction cross-sections in the 8-10 MeV photon energy region as produced by the LCB γ-ray beam of ELI-NP. It is based on the low-pressure MWPC technique and comprises two arms, each consisting of a pair of MWPC units. This allows the measurement of trajectories and velocities of 16 O(γ, α) 12 C photodisintegration products, α-particles and 12 C nuclei. The active area of the MWPC prototype units is 30 × 30 mm 2 but could be larger by a factor 2.
At a pressure of a few Torr, methylal ((OCH 3 ) 2 CH 2 ) or hexane (C 6 H 14 ) serve as the working gases for MWPC operation, where hexane is intended for evaluation of the background from carbon nuclei in methylal. The time resolution of the MWPC for~5 MeV α-particles is about 450 ps for methylal and 400 ps for hexane. The corresponding position resolutions are 1.5 mm and 1.0 mm, respectively. Both hexane and methylal, operated at 3 Torr, give an α-particle detection threshold of about 50 keV, while for 12 C the threshold detection energy is around 100 keV.
We are planning to use this active-target technique at the LCB γ-ray facilities of HIγS, TUNL, Durham, USA [6] and ELI-NP, Magurele, Romania [7] . The advantages of this active-target system include good timing and position resolution, high rate capability, detection and identification of both photodisintegration fragments, and insensitivity to the electromagnetic background. The main disadvantage of this device is the low density of target nuclei, which is due to the low-pressure gas. This drawback can be compensated when using highly-directed, pencil-type LCB γ-ray beams by using a multimodule active-target system stacked up to a total length of~10 m. In this way, the oxygen target thickness can be increased to~3 × 10 20 atoms/cm 2 , giving a 16 O(γ, α) 12 C reaction rate of 0.00135 event/s. After event selection, the detected background rate from electron-positron pair production and other photodisintegration modes of 16 O and 12 C is expected to be negligible. 
